The influence of annealing atmosphere, temperature and time on the surface oxidation and vacancy condensation behavior of {111}-oriented single crystals of B2-type FeAl was investigated. AFM observation showed that as-annealed surfaces under a high vacuum were rugged and covered with a thin oxide film. The results obtained by TEM indicated that the thin oxide film was {001}-oriented κ-Al 2 O 3 epitaxially grown on the {111}-oriented FeAl surface. AES measurements showed that the thickness of the oxide film was almost twice as thick as that of the passive Al 2 O 3 film formed on the FeAl surface in an ambient atmosphere. It was found that the growth of surface mesopores is attributable to both the condensation of supersaturated vacancies in FeAl substrate and the Kirkendall effect by the surface oxidation during the vacuum annealing.
Introduction
B2-type intermetallic compounds such as FeAl, NiAl, CoAl, and TiCo contain a high concentration of supersaturated thermal vacancies up to several mole percent [1 -3] . One of reasons for the importance of residual thermal vacancies in B2-type FeAl is their large influence on its mechanical properties [4 -7] . Recently, we reported the mesopore formation near the surface of B2-type FeAl [8 -11] . Based on the results, we concluded that this pore formation was caused by the condensation of supersaturated thermal vacancies. On the other hand, the fact that the vacancy condensation near surface is affected by surface oxidation has been discussed so far [12 -16] . In particular, Al 2 O 3 former intermetallic compounds such as NiAl, Ni 3 Al [17 -20] and FeAl [21, 22] form large cavities at scale/substrate interfaces. Al atoms in such aluminides are consumed for the formation of an Al 2 O 3 scale during high temperature oxidation. Thus, the oxidation-induced outward-cation diffusion and/or unequal diffusion of alloying elements in the substrates has been suggested as the mechanism responsible for the cavity formation. However, in our previous work [23] , it was found that the thickness of an oxide layer formed on FeAl during vacuum annealing is almost the same as that of the passive film formed on an Al foil irrespective of the mesopore formation. Therefore, the surface oxidation seems not to be the main cause of the mesopore formation, but its influence on the mesopore formation and growth is still unclear at present. It is therefore important to understand the influence of the surface oxidation of FeAl during vacuum annealing on the formation and growth of mesopores.
Therefore, the objective of the present work is to investigate the effect of annealing conditions on the surface oxidation and vacancy condensation in the surface of FeAl single crystals.
The annealing was performed under two levels of vacuum; about 10 -3 Pa (a high vacuum) and about 10 -6 Pa (an ultra high vacuum). The influence of surface oxidation on the mesopore formation and growth will be discussed on the basis of the results obtained.
Experimental Procedures
Fe-48mol%Al button ingots were prepared from 99.99mass% electrolytic iron and 99.99mass% aluminum by an arc-melting technique in an argon gas atmosphere. An FeAl single crystal was grown from these ingots by the Bridgman method. The chemical analysis of this single crystal indicated that its composition was approximately Fe-48.5mol%Al. After homogenization at 1373 K for 172.8 ks under a high vacuum, the single crystal was slowly cooled down to room temperature at a rate of 5 × 10 -3 K·s -1 to avoid the introduction of a high concentration of supersaturated vacancies. {111}-oriented single crystal plates with a thickness of 1 mm were cut from the single crystal by electro-spark machining. They were kept at 1273 K for 3.6 ks in air, and then quenched into iced water to introduce supersaturated thermal vacancies. The surfaces of the quenched plate specimens were ground to remove the oxide scale formed during the heat treatment.
The ground surfaces were further polished with diamond slurry and subsequently electropolished in a solution of CH 3 OH : HNO 3 = 2 : 1 to remove residual strain near the surfaces [24] . Moreover, the surfaces were plasma-cleaned first in an oxygen atmosphere and next in an argon atmosphere using South Bay Technology PE-2000. Finally, the plate specimens were annealed for up to 360 ks between 623 and 1023 K under a high vacuum of about 5 × 10 -4 Pa on the top of Ti powder as an oxygen getter, or under an ultra-high vacuum of about 3 × 10 -6 Pa. A thin Al 2 O 3 film formed on the FeAl surface and covered it during the annealing. This oxide film was removed by Ar + ion milling under the condition as follows: primary ion beam energy was 3.5 kV, beam current 3 mA, beam angle with respect to the normal on the average surface plane 15°. Auger electron spectroscopy (AES, JEOL JAMP-7100E) with Ar + ion sputtering was carried out to examine the surface composition and to obtain depth profiles of the relevant elements for the annealed specimens. The AES conditions were described in our previous paper [23] . The surface morphology of specimens was obtained by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The oxide films formed on the annealed specimens were also observed by a transmission electron microscopy (TEM) at an acceleration voltage of 200 kV. The diffraction patterns obtained were analyzed with Crystal Kit. Fig. 1 shows an AFM micrograph of a specimen annealed at 873 K for 360 ks under a vacuum of 5 × 10 -4 Pa. In this micrograph, rugged surface morphology is observed. Since the specimen surface before the annealing was flatter and smoother than that shown in this figure, it is obvious that the rugged surface was formed during the annealing. Fig. 4 shows an AFM micrograph of the surface of a specimen annealed at 873 K for 360 ks under a vacuum of 5 × 10 -4 Pa followed by Ar + ion milling for 30 s. Variously-sized triangular pores are homogeneously distributed in the surface in this figure. This surface morphology is in good agreement with that observed in our previous works [8 -11] . Therefore, it was confirmed that the κ-Al 2 O 3 film formed during the annealing can be removed easily with a mild milling for a short time. A passive Al 2 O 3 film should be formed again after the Ar + ion milling in the ambient atmosphere (as shown in Fig. 5 ). The passive film on FeAl and Al are referred from our previous result [23] . The passive Al 2 O 3 film formed again on the FeAl surface should be thinner than that formed on Al.
Results and Discussion
In the case of high temperature oxidation, it is well known that Al atoms in aluminides are consumed for the formation of a protective Al 2 O 3 scale on their surface and metal atoms other than aluminum near the surface simultaneously diffuse toward the aluminide matrix due to a large chemical potential gradient. Consequently, the Al concentration in the aluminide matrix decreases by the oxidation. Furthermore, voids are commonly observed at the oxide/alloy interfaces as a result of the so-called Kirkendall effect [17 -22] . These phenomena are also likely to occur in this study. The condensation of supersaturated vacancies and voids formation by surface oxidation could cause the surface mesopore formation. However, the surface mesopore formation dealt with in this study never occurred in our previous study [11] where supersaturated vacancies were fully removed from FeAl. This is the grounds why we conclude that the surface mesopore formation is caused by the annihilation of supersaturated vacancies.
Based on the above discussion, we considered that the surface oxidation may have influence on the growth of surface mesopores. Thus, the relationship between the annealing temperature, time and the oxide film thickness was investigated in the temperature range of 623 -1023 K for up to 86.4 ks. Fig. 6 shows the annealing temperature dependence of the thickness in increasing temperature. It is noteworthy that the thickness is independent of time below about 900 K. Above 900 K the thickness is also dependent on annealing time. This change in thickness between below and above 900 K can be caused by the promotion of Al diffusion during the vacuum annealing. Thus, the vacuum annealing above 900 K would influence the growth of oxide layer. On the other hand, the thickness of oxide layers formed at and below 900 K were unaffected by the vacuum annealing time. The influence of the degree of vacuum was similarly examined. The results are shown in Fig. 7 . Under a vacuum of about 5 × 10 -4 Pa, the growth of the oxide film obeys the logarithmic-rate law featuring for an ultra-thin oxide film. The thickness under about 5 × 10 -4 Pa increases with the temperature rises, but that under about 3 × 10 -6 Pa varies very slightly with temperature and annealing time and is almost the same as that of the passive film formed on the FeAl specimen. Therefore, we can conclude that the oxide film formed under the ultra-high vacuum hardly grows during the annealing. FeAl substrate under the ultra-high vacuum formed a thin Al 2 O 3 film equivalent to a passive Al 2 O 3 film. The higher vacuum atmosphere has a negligible effect on the surface oxidation of FeAl during vacuum annealing. It is suggested that FeAl substrate annealed under the lower vacuum is affected by the diffusion flux of vacancy caused by oxidation.
The influence of the degree of vacuum on the formation characteristics of mesopore was examined by TEM. Fig. 8 shows bright-field TEM images of the specimens annealed under different vacua. From the images in this figure, it is indicated that the annealing under the high vacuum leads to the condensation of more vacancies than that under the ultra-high vacuum. This means that the surface oxidation of FeAl under the high vacuum annealing would assist the condensation of supersaturated vacancies and the growth of mesopores. These results demonstrate that the growth of surface mesopores is attributable to both the condensation of supersaturated vacancies in FeAl substrate and the Kirkendall effect by the surface oxidation during the vacuum annealing.
Conclusions
In this study, the surface oxidation of FeAl single crystals during vacuum annealing under various conditions was investigated by AES, TEM, and AFM. The specimens contained thermally supersaturated vacancies before the vacuum annealing. The following conclusions were obtained. (4) The condensation of vacancies to form surface mesopores is more significant for the annealing under the high vacuum than under the ultra-high vacuum. 
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